We conducted an experiment to determine the effects of concentration and astringency of extractable and bound condensed tannins (CT) in tropical legumes on intake, digestibility, and nitrogen ( N ) utilization by sheep. The test legumes ( Desmodium ovalifolium and Flemingia macrophylla) had similar concentrations of extractable CT (90 g/kg DM) but different concentrations of bound CT and astringency of tannins. Chopped, sun-dried forage of each legume was sprayed with either water (control) or polyethylene glycol (PEG, 35 g/kg of DM) to bind extractable CT and fed daily (26 g/kg BW) to eight sheep with ruminal and duodenal cannulas. The sheep also received starch-extracted cassava meal intraruminally ( 4 g/kg BW) as a constant source of readily fermentable carbohydrates. Intake of the two legumes was not different ( P > .05), but it increased an average of 10% ( P < .01) when extractable CT were reduced from 90 to 50 g/kg of DM with PEG. Ruminal and total tract digestibilities of OM, NDF, and ADF were greater ( P < .01) with D. ovalifolium than with F. macrophylla and increased for both legumes with the addition of PEG. Greater ( P < .01) N flow to the duodenum, N absorbed from the intestine, and fecal N were observed with F. macrophylla than with D. ovalifolium. Extraction of CT with PEG resulted in less ( P < .05) ruminal escape protein and less ( P < .01) fecal N with both legumes, but apparent postruminal N digestion was not affected. Changes in the concentration of extractable CT in tropical legumes can significantly affect forage intake, digestion, and N utilization by sheep.
Introduction
Research with temperate legumes has shown that high levels of condensed tannins ( CT) may depress intake and protein and fiber digestion Manley, 1984 and Terrill et al., 1989) , but that low levels may increase nitrogen ( N) absorption in the small intestine by reducing rumen protein degradation (Waghorn et al., 1987) .
Tannins bind to polyethylene glycol ( PEG) in preference to protein (Jones and Mangan, 1977) , and this property has been used for studying the nutritional effects of reducing tannins in temperate legumes (Pritchard et al., 1988) . Results with tropical legumes indicate that increased intake and nitrogen retention may be achieved by reducing the concentration of extractable CT with PEG (Carulla, 1994) . However, the extent to which these results can be generalized to other tropical legumes is not known. Large differences have been observed among tropical legume species in the ability of extractable CT to bind protein (i.e., astringency) and in the concentration and relative distribution of extractable and bound CT in plants (Cano et al., 1994; Jackson, et al. 1996) . Thus, this experiment was designed to study the influence of extractable and bound CT and tannin astringency on intake, utilization, and N digestion by sheep fed tropical legumes.
Materials and Methods
The feeding experiment was conducted in Colombia, South America at the CIAT-Quilichao Research Station. This station is located at lat 3°6′ N, long 76°31′ W, at 990 m above sea level. Annual mean temperature is 23°C, with 1,772 mm average rainfall.
Forage and Animal Management. Two legume species adapted to acid soils were selected for this experiment: Desmodium ovalifolium Wallich ex Ganep (CIAT 350), a herbaceous legume, and Flemingia macrophylla Kuntze ex Merrill (CIAT 17403), a shrubby legume. Forage from the two legumes, at approximately the same age of growth (i.e., 1 yr), was harvested from existing plots planted on acid soils at the CIAT-Quilichao station.
Because a preliminary experiment confirmed that PEG was effective in reducing extractable CT in sundried forage (Barahona et al., 1996) , all forage legume needed for the experiment was harvested at one time and sun-dried. D. ovalifolium was cut, sundried for 4 d until reaching approximately 90% DM, and chopped to a particle size of 5 to 10 mm. The chopped D. ovalifolium forage was sieved through a 1-cm screen to remove long woody stems, which represented 40% of the total DM. F. macrophylla was cut, and the long woody stems were hand-separated from leaves and discarded. The remaining forage was chopped ( 5 to 10 mm) and sun-dried for 4 d. Sundried forage was placed in polyethylene bags and stored in a dry, cool room until needed for the feeding experiment.
Eight, growing African-type wethers (BW 30 ± 2.4 kg) were fitted with flexible ruminal and T intestinal cannulas from Akon (distributed by Bar Diamond Inc., Parma, ID). The surgical procedures used were those described by Balch and Cowie (1962) and by Streeter et al. (1991) for rumen and intestinal cannulation, respectively. Animals were housed in metabolism crates with head gates and assigned by weight to two groups. Wethers within a group were allotted to one of four treatments in a 4 × 4 Latin square design with a 2 × 2 factorial arrangement of treatments, which were 1 ) D. ovalifolium, 2) F. macrophylla, 3) D. ovalifolium plus PEG (35 g/kg of DM), and 4 ) F. macrophylla plus PEG (35 g/kg of DM). Each day, sun-dried forage (26 g/kg BW) was sprayed with either water (control) or a 200 g/L PEG (molecular weight of 8,000) solution at a rate of 175 mL/kg of forage DM and offered to sheep at 0830 and 1550. All animals were intraruminally supplemented with starch-extracted cassava meal ( 4 g/kg BW) as a constant source of readily fermentable carbohydrates. Supplement was delivered in two equal portions soon after offering the morning and afternoon forage allowances. Water and salt-mineral mixture (NaCL, 40%; CA, 10.8%; P, 10%; F, .1%; Mg, .3%; S, 3%; Cu, .15%; Zn, .6%; I, .01%; and Co, .05%) were offered free choice. Each experimental period lasted for 15 d ( 7 d for adjustment and 8 d for sample collection). After each experimental period, the sheep were removed from the crates and allowed to graze for 5 d.
Animals were fitted with fecal collection bags on d 5 of the adjustment period. Total feces to determine digestibility of OM, NDF, ADF and N were collected for 5 d ( d 8 to 12) and weighed daily. On each sampling day, a subsample (100 g ) was dried in a forced-air oven at 60°C for DM determination, and another sample (100 g ) was frozen at −20°C for subsequent analysis. Samples of ruminal fluid (20 mL) and duodenal digesta (100 mL) were collected at 6-h intervals during the 2 d following the fecal collection period ( d 13 and 14) . Sampling started at 0800 for the ruminal fluid and at 0900 for the duodenal digesta. The ruminal fluid was acidified with 18.6 N H 2 SO 4 (.02 mL/mL of rumen fluid) to prevent ammonia volatilization. On d 15, 500 mL of ruminal fluid was taken to isolate ruminal bacteria. All samples of ruminal fluid and duodenal digesta were frozen at −20°C.
Forage offered and refused by each animal was weighed daily during the measurement period, and subsamples were taken for DM determination and subsequent analyses. Orts were removed at 0800. Samples of forage offered and refused were handseparated into leaf and stem fractions and, together with whole duodenal digesta and fecal samples, were freeze-dried. Forage offered was composited across days in each period, whereas the other samples were composited across days for each animal. Ruminal fluid samples collected in each period for bacterial isolation by differential centrifugation were composited across the two animals on the same treatment in separate squares.
Laboratory Analyses. Samples of the leaf and stem fractions of forage offered and refused and feces were ground through a 1-mm screen in a Wiley mill. These, along with whole duodenal samples, were analyzed for ash, NDF, and ADF (Van Soest et al., 1991) , indigestible acid detergent fiber ( IADF; Waller et al., 1980), and Kjeldahl N (AOAC, 1975) . Sodium sulfite was added to the neutral detergent solution to partially remove tannin-protein complexes (Robbins et al., 1987) . Extractable, protein-bound, and residual (fiber and PEG)-bound tannins were determined according to the procedure suggested by Terrill et al. (1992b) with modifications by Carulla (1994) . Sample size was reduced to 10 mg, and all reagents were reduced proportionally. Tannins were extracted with a 70% methanol, .5% formic acid, and .05% ascorbic acid aqueous solution, and no dimethyl ether extraction was performed. Standards were prepared as suggested by Terrill et al. (1992b) . Astringency (gram of protein precipitated per gram of extractable CT) was determined with the radial diffusion technique of Hagerman (1987) as modified by Lareo et al. (1990) .
Ruminal liquid fractions were analyzed for NH 3 -N (McCullough, 1967) after centrifugation (600 × g) . Flows of DM and nutrients to the duodenum were estimated using IADF as an internal marker. Average fecal recovery of IADF ranged between 88 and 104% (data not shown). Therefore, flows of DM and OM to the duodenum were corrected for marker recovery in feces and for PEG addition, assuming that PEG was indigestible.
Purines, measured in ruminal bacterial isolates and duodenal digesta, were used to estimate bacterial N flow to the duodenum (Zinn and Owens, 1986) . Escape N was estimated as duodenal N flow minus microbial N flow and endogenous N flow. Endogenous N was considered to be proportional to DM intake (2.2 g N/kg DM intake; Hart and Leibholz, 1990) .
Statistical Analysis. Data were analyzed with ANOVA for a 4 × 4 Latin Square with a 2 × 2 factorial arrangement of treatments; legume species and PEG addition were the main effects. One animal receiving F. macrophylla plus PEG (Period 1 ) and another receiving D. ovalifolium plus PEG (Period 2 ) were declared missing cells because of significantly depressed intake. Duncan's multiple range test was used to separate means when significant legume species × PEG interactions were detected. The General Linear Models procedure of SAS (1990) was used to analyze the data.
Results
Chemical Composition of Legumes. Chemical composition of the leaf and stem fractions of the legumes offered is shown in Table 1 . Leaves of F. macrophylla had higher ( P < .01) concentrations of N, NDF, ADF, and IADF than leaves from D. ovalifolium. In contrast, stems from F. macrophylla had higher ( P < .01) N but lower ( P < .05) NDF, ADF, and IADF concentrations than stems from D. ovalifolium. Because the leaf and stem fractions in both legumes differed greatly in their nutrient content, it is noteworthy that leaf:stem ratio in the forage offered (Table 2 ) was considerably lower in D. ovalifolium (1.0) than in F. macrophylla (7.0). This resulted from differences in growth characteristics between the legumes, which made leaf harvest easier in F. macrophylla. The addition of PEG to the forage did not affect chemical composition of either legume (Table 1) . However, a legume species × PEG interaction ( P < .01) was observed for NDF concentration in leaves, because addition of PEG resulted in reduction ( P < .05) of NDF in F. macrophylla, but not in D. ovalifolium.
The starch-extracted cassava supplement that was administered intraruminally contained (gram/kilogram DM) the following: NDF (357), ADF (135), IADF (83), and N (4.8). Thus, this supplement should have served primarily as a source of fermentable carbohydrates.
Condensed Tannin Fractions in the Forage Offered.
Concentrations of the different fractions of CT and the astringency of CT in the two legumes are shown in Table 1 . The concentration of extractable CT was similar ( P > .05) in the leaves of both legumes, but leaves from F. macrophylla had 1.7 times more ( P < .01) total bound (protein plus residual) CT than leaves from D. ovalifolium. In contrast, the astringency of extractable CT in leaves and stems was approximately two times higher ( P < .01) in D. ovalifolium than in F. macrophylla. Concentrations of all forms of CT were higher ( P < .01) in stems of F. macrophylla than in stems of D. ovalifolium.
As expected, PEG reduced ( P < .01) concentrations of extractable CT in leaves and stems of both legumes (Table 1) . Concentration of residual CT (i.e., bound to fiber and to PEG) increased ( P < .01) in leaves and stems of both legumes with the addition of PEG. In contrast, PEG was not effective ( P > .05) in displacing CT bound to protein in the leaves of D. ovalifolium, but protein-bound CT concentration was lower ( P < .05) in F. macrophylla with PEG than in the control forage. Reduction of extractable CT in the leaves of D. ovalifolium and F. macrophylla with PEG was accompanied by an increase ( P < .05) in tannin astringency ( g protein bound/g extractable CT). However, the effect of PEG on extractable CT astringency was greater ( P < .05) in leaves of F. macrophylla than D. ovalifolium. In contrast, PEG decreased ( P < .05) astringency in stems of D. ovalifolium but not ( P > .05) in stems of F. macrophylla.
Intake and Digestibility. Legume DM intake by
sheep (without including DM from the cassava supplement) was similar ( P > .05) for the two legumes (Table 2) . However, there were differences between legumes in stem and leaf intake. Sheep consumed 36% more ( P < .01) leaves of F. macrophylla than of D. ovalifolium. In contrast, intake of stems was three times higher ( P < .01) with D. ovalifolium than with F. macrophylla. These differences were related to leaf:stem ratio in the forage offered. Chopped D. ovalifolium and F. macrophylla had leaf:stem ratios of 1.0 and 7.0, respectively. Intake of leaf fraction of the two legumes increased ( P < .05) with PEG, which was not the case for the stem fraction ( P > .05).
Reduction of extractable CT in D. ovalifolium and F. macrophylla from approximately 90 to 50 g/kg DM with PEG increased ( P < .01) total OM intake (forage + supplement) of sheep fed the legumes (Table 3) .
The digestibilities of OM, NDF, and ADF are summarized in Table 3 . Ruminal OM digestion and total tract digestion were higher ( P < .01) with D. Nitrogen Digestion. Intake, flow, and apparent digestion of N are presented in Table 4 . Nitrogen intake was higher ( P < .01) with F. macrophylla than with D. ovalifolium, which is consistent with the higher ( P < .01) N concentration in F. macrophylla. The higher N intake with F. macrophylla was associated with greater ( P < .01) N flow to the duodenum, N apparently absorbed from the intestine, and fecal N compared with D. ovalifolium. However, N apparently digested was greater ( P < .05) in animals fed D. ovalifolium compared with F. macrophylla. This did not seem to be related to higher proportion of dietary protein escaping ruminal degradation with D. ovalifolium, because the estimates of ruminal escape protein as a proportion of intake were similar ( P > .05) for F. macrophylla (60%) and D. ovalifolium (58%). The addition of PEG to the forage resulted in higher ( P < .05) N intake by sheep fed the two legumes (Table 4) . Reduction of extractable CT also resulted in less ( P < .05) N flow to the duodenum; however, N reaching the duodenum as a proportion of N intake was lower ( P < .01) for both legumes when the concentration of extractable CT was reduced with PEG. Microbial N measured at the duodenum was not affected ( P > .05) by the reduction in extractable CT with PEG but estimates of ruminal escape plant protein were lower ( P < .05) for PEG-treated forages. Apparent lower tract N disappearance in sheep fed D. ovalifolium and F. macrophylla (Table 4 ) was not affected ( P > .05) by the reduction of extractable CT.
Discussion
The two legume species used in this study differed in chemical composition, concentrations of proteinbound and total CT, and astringency, but had high and similar concentrations of extractable CT in the leaf and stem tissues. Other results have consistently shown that leaves of F. macrophylla have a higher proportion of bound CT than does D. ovalifolium (Cano et al., 1994; Jackson et al., 1996) . For example, Cano et al. (1994) found the proportions of bound CT relative to total CT in immature freeze-dried leaves of D. ovalifolium and F. macrophylla to be 17 and 28%, respectively. Forage in the present study had a high proportion of bound CT (51% in D. ovalifolium and 74% in F. macrophylla relative to total CT. These large differences could be related to maturity and more stressful growth conditions of the legumes used in this study (Barry and Forss, 1983; Anuraga et al., 1993) . High concentration of residual CT in F. macrophylla was associated with a high proportion of indigestible fiber, which is consistent with results from other studies (Cano et al., 1994) . This suggests that the residual CT might exert a negative effect on forage digestibility.
The amount of protein bound by extractable CT (astringency) in leaves and stems was twofold higher ( P < .01) in D. ovalifolium than in F. macrophylla, which agrees with results of others (Barahona et al., 1996) . The astringency of tannins has been shown to be related to degree of polymerization of CT (i.e., molecular weight), and up to a point, which is not well defined yet for tropical legumes, it increases as molecular weight increases (Jones et al., 1976; Oh and Hoff, 1979; Cano et al., 1994) . Results from the Forage Quality Laboratory in the Centro Internacional de Agricultura Tropical suggested large differences in structure of CT among tropical legume species (Lascano, C.E., and Carulla, J., unpublished results) . For example, extractable CT of D. ovalifolium had twice the degree of polymerization as extractable CT from F. macrophylla, which could explain the difference between the two legumes in astringency of extractable CT.
The reduction of extractable CT in leaves of both legumes with PEG was accompanied by an increase in tannin astringency, which could be associated with the presence of multiple groups of extractable CT in the plant and preferential binding by PEG of the less reactive groups (Barahona et al., 1996) . Differences between legumes in the ability of PEG to displace CT bound to protein might be due to the observed differences in astringency of both types of CT.
Total forage intake by sheep was similar for the two legumes. However, there were differences between legumes in stem and leaf intakes. Sheep consumed 36% more leaves of F. macrophylla than of D. ovalifolium. In contrast, stem intakes were three times higher ( P < .01) with D. ovalifolium than with F. macrophylla. These differences were related to the leaf:stem ratio in the forage offered. Chopped forage of D. ovalifolium and F. macrophylla had a leaf:stem ratio of 1.0 and 7.0, respectively. Thus, it seems that intake of D. ovalifolium might have been limited by the high proportion of stems in the forage offered. If the leaf:stem ratios had been higher in the D. ovalifolium, it is conceivable that sheep might have consumed more D. ovalifolium than F. macrophylla. This is because D. ovalifolium leaves had lower indigestible cell wall concentration than F. macrophylla leaves. In addition, studies have shown that leaves in tropical forages are more readily consumed than the stems, because of the lower resistance of the leaf to chewing (Minson, 1990) and longer ruminal retention time of the more fibrous stem particles (Thornton and Minson, 1972) .
Intake of leaf fractions of D. ovalifolium and F. macrophylla increased ( P < .05) with PEG, which was not the case for intakes of stems. Thus, the magnitude of response in forage intake due to the reduction of extractable CT could be limited by the low leaf:stem ratio in the legumes offered. Results from another study which gave sheep a greater opportunity for diet selection (i.e., higher forage allowance), showed a 20% increase in voluntary intake when extractable CT from D. ovalifolium were reduced with PEG (Carulla, 1994) .
The increases in total forage intake in response to PEG addition were accompanied by increases in fiber digestibilities in both legumes. This agrees with in vitro data that showed a negative correlation between IVDMD and the concentration of extractable CT in a range of tropical legumes (Lascano et al., 1995) . Conversely, work with temperate legumes has suggested that the reduction of extractable CT with PEG has no effect on total tract fiber digestibility (Barry et al., 1986) . However, Barry and Manley (1984) observed that the digestion of cellulose and hemicellulose was much lower for high-tannin than for lowtannin Lotus pedunculatus. The increased digestibilities of fiber fractions when extractable CT were reduced with PEG may have been associated with the inhibitory effect of CT on ruminal protein degradation and consequently on ruminal N availability. When extractable CT were reduced in the forage, there was an increase in ruminal ammonia in sheep fed both legumes. However, it should be noted that, in another study, reduction of extractable CT from 40 to 20 g/kg DM with PEG in D. ovalifolium did not result in higher NDF or ADF digestibilities by sheep, even though ammonia levels were also increased (6.5 to 12.7 mg/dL; Carulla, 1994) . The difference may have been associated with the energy supplementation given to our sheep. A number of studies have shown that energy supplementation of roughage diets can increase the digestibility of the diet (Campbell et al., 1969; Beever et al., 1984; Jones et al., 1988) . In addition, greater stem intake from D. ovalifolium in this study may have resulted in longer residence time of fibrous residues in the reticulo-rumen, which in turn could increase digestibility (Laredo and Minson, 1973; Poppi et al., 1980) .
A hypothesis being tested in this study was that D. ovalifolium would have protein that was less degradable (i.e., greater escape protein) in the rumen compared with F. macrophylla, given the greater astringency of extractable CT from this legume. However, we found no differences between legumes for this variable. However, the reduction of extractable CT with PEG reduced ruminal escape protein in both legumes, as was shown by other workers who used PEG to reduce CT in tropical (Carulla, 1994) and temperate (Barry and Duncan, 1984; Waghorn et al., 1987; Terrill et al., 1992a; McNabb et al., 1993) legumes. Thus, our results suggest that differences between legume species in concentration of proteinbound CT and tannin astringency had no measurable effect on ruminal escape of protein. However, we acknowledge that astringency of extractable CT in the two legumes tested might have been different if another source of protein had been used in the radial diffusion assay. The protein used and recommended (bovine serum albumin) in the assay of Hagerman (1987) may not be the most appropriate because it reacts with tannins at a pH lower (5.0) than normally found in the rumen of forage-fed animals.
In both legumes, the reduction of extractable CT with PEG did not improve N disappearance postruminally, even though almost twice as many proteinbound CT reached the duodenum in sheep fed control forages than in sheep fed forages treated with PEG (data not shown). This suggests that fractions of the CT-protein complexes reaching the small intestine are disrupted, with at least a portion of the released protein absorbed (Waghorn et al., 1987; Wang et al., 1994) . In contrast, it was somewhat surprising that flow of microbial N to the duodenum was not increased by the addition of PEG, because intake and ruminal digestion of OM were enhanced by PEG treatment for both forages.
Implications
The intake and digestibility of the two tropical legumes evaluated were influenced by the concentration of extractable condensed tannins and the cell wall content and composition. Thus, when evaluating quality of tropical legumes with condensed tannins, there is a need to examine the full array of chemical constituents. Results also indicate that level of extractable condensed tannins was more closely associated with nitrogen digestion than were bound condensed tannins and astringency. Further research is needed to define the thresholds of extractable condensed tannins in tropical legumes with regard to these characteristics.
